• for all source heights that are below z/δ ≤ 0.33. This observed steepness of inclination angle relative to the inclination angle of streamwise velocity is consistently explained through the physical model put forth by Talluru et al. [22] that explains the organisation of scalar around the low-and high-speed regions in the flow which inherently also have a characteristic inclination.
I. INTRODUCTION
The local concentration of a scalar (pollutant, heat, etc.) in a turbulent flow exhibits complex features over a broad range of length and time scales. As such, turbulent advection is crucial in most natural and engineering processes such as atmospheric dispersion, mixing and combustion. Although the underlying interaction between the turbulent velocity field and scalar fluctuations is not linear, there are many similarities between the statistics of scalar fluctuations and those of velocity, e.g. in a heated turbulent jet [3] . The possibility of exploiting any similarity between velocity and scalar fields in wall-bounded turbulent flows is also of practical significance, for example, prediction of ground level concentration of a pollutant emitted from an elevated source and viceversa. Thus, many studies are aimed at characterising the role of coherent features of velocity in the dispersion and transport of a scalar [e.g. 22, 24] . When contaminants are released into a turbulent boundary layer (TBL), the pollutants are mixed by the turbulent eddies in the flow. This mixing leads to strong fluctuations in the concentration of pollutant which are of the same order of magnitude as the mean concentration [4] .
Such extreme fluctuations are of significant concern when the pollutant is a highly toxic or flammable material. Most dispersion models are capable of predicting the mean pollutant concentration, but provide no or inaccurate information about the amplitude of fluctuations about the mean. Moreover, as the existing models are developed based on single-point statistics, the models cannot account for the spatial coherence of scalar, and to predict concentration at any point in space based on the information of concentration at a reference or measurement location. The present study aims to fill this gap by characterising the spatio-temporal correlation of concentration fluctuations in the vertical direction using experimental data. Specifically, this study focuses on the near-field behaviour of a passive plume, i.e., the region, where the plume meanders. First, a brief discussion is presented here on the two well-accepted results in turbulent boundary layers and plume dispersion that form the basis of the current study. Then we briefly outline our experiments of two-point measurements of instantaneous concentration in a point-source scalar plume. Results of statistics, two-point correlation and observed coherence follow thereafter.
A. Inclination angle of streamwise velocity fluctuations in a turbulent boundary layer Inclined structures, typically attached to the wall, are well-known features of streamwise velocity fluctuations in a turbulent boundary layer. One of the earliest studies that reported this behaviour is the flow visualisation study in a zero pressure gradient TBL [10] . They reported that at moderately high Reynolds number (Re θ > 2000), the TBL consisted of elongated hairpin vortices, inclined at a characteristic angle of approximately 45
• to the wall. They suggested that the hairpin vortices could organise themselves at high Reynolds numbers to form larger structures that are typically oriented at an angle of 20
• to the wall. The view of hairpin packets was further confirmed in the high-resolution PIV study of a turbulent boundary layer across a range of Reynolds number (930 ≤ Re θ ≤ 6845) [2] . They observed the inclined coherent features in the streamwise-wall-normal plane across the entire range of Re θ . Other studies [6, 7, 11] in laboratory turbulent boundary layers also indicated that the average coherent structure in the logarithmic region has a low inclination angle made up of organised packets of attached eddies. A more conclusive evidence was provided by [e.g. Marusic et al.
14], who showed that the two-point correlation map of streamwise velocity fluctuations obtained in laboratory and atmospheric boundary layers presented a characteristic inclination angle of 14 • . Very importantly, they observed that the inclination angle remained invariant over three orders of magnitude change in Reynolds number, 10 3 ≤ Re τ ≤ 10 6 .
B. Meandering of a slender passive scalar plume
Observations of a smokestack plume in the atmosphere show that its instantaneous structure is puffy with narrow sections scattered between wide ones, and the plume meanders in a highly variable manner [25] . This variability is caused by the turbulent wind field in which the plume is fully embedded, and the scale of atmospheric turbulence that influences the plume fluctuations will change as the plume size increases [17] . For example, in the near-field region, when the plume is smaller than the turbulent eddies, the plume is swept up and down about the plume axis by the turbulent eddies, but when the plume is larger than the eddies, i.e. in the far-field region, the eddies no longer advect the plume but merely cause minor fluctuations deep within the plume [9, 26] . The meandering of plume results in the intermittent high and low concentrations in the time series signal obtained at a single point in space as observed in laboratory wind tunnel [5, 16] and full-scale atmospheric [26] measurements. Recently, [Talluru et al. 22 ] conducted a study of point source plumes released at eight different elevations in a TBL and presented a physical model to explain the relative organisation of the large-scale coherent velocity structures and the concentration fluctuations in the plume. Through flow visualisation as well as joint-pdfs (probability density functions) and cross-spectra analysis, they comprehensively showed that the large-scale turbulent eddies cause meandering in the near-field region of the plume. Talluru et al. [22] also observed that above the plume centreline, low-speed structures have a lead over the meandering plume, while high-momentum regions are seen to lag behind the plume below its centreline.
A natural question that arises here is whether the structure of scalar fluctuations is similar to that of inclined velocity structures in a TBL, and secondly, how that structure varies as the plume size increases from the near-field to the far-field region. The latter question is partly addressed in a recent numerical study of scalar dispersion in a turbulent channel flow [18] . They observed that the concentration fluctuations have a similar behaviour as that of velocity structures in the far-field region. However, little is known about the organisation of scalar structures in the near-field region. To this end, twopoint measurements of concentration in the near-field region of a passive scalar plume are analysed in the present study.
kapil.chauhan@sydney.edu.au Page 20 Tracer gas plume As shown in the schematic, a stationary PID is positioned at the source-height, z = s z , while a second PID is traversed along z. The spanwise gap between the two PIDs is approximately 3 mm, in accordance with the results of [15] , who showed that a PID has negligible influence on an adjacent probe when separated by a distance greater than 3d, where d = 0.76 mm is the inlet diameter of PID probes used in this study. Details of calibration procedure, spatial resolution and frequency response of PID are also given in [21, 23] . Although the experimental test-rig and the measurement procedures used in this study are similar to that of [20] , the present study is distinct and reports simultaneous measurements of concentration at two points in the plume. To our knowledge, such measurements using point-detection probes have not been reported before. streamwise velocity.
III. MEAN AND R.M.S PROFILES OF CONCENTRATION
The physical mechanism for the Gaussian behaviour of a point-source scalar plume has been explained through the meandering nature of the plume [8] . Although no simi-larity exists between the mean of concentration and velocity (or moments of their fluctuations), it is well-understood that a passive scalar plume meanders due to separation between the length-scales of the turbulent flow and the characteristic length-scale of the plume, i.e. dissimilarity between the integral length scale of velocity fluctuations and the plume width or the source diameter [5, 9, 13] . Since the integral length scales of a turbulent flow characterise the extent of coherent motions, it is anticipated that the coherent structures in the velocity will impose the instantaneous organisation of concentration field. In the remainder of this paper, we will identify and then characterise such organisation of scalar fluctuations in the streamwise/wall-normal plane, particularly for the inclination in the mean flow direction.
IV. SINGLE-AND TWO-POINT CORRELATION FUNCTIONS
Using the time-series information of concentration fluctuations at two distinct points, the autocorrelation functions along the streamwise and the wall-normal directions are computed using Eqns. (4) and (5) where ∆t is the time-lag between two concentration signals and U c is the convection velocity taken to be the mean velocity at the corresponding wall-normal height 1 . Looking at the results presented in Fig. 3(a) , it is evident that the correlation sustains for longer distance in the case of a ground level source. The integral length scale (obtained from the autocorrelation function, R cc ) for the ground level plume is found to be five times 1 Note that since the plume evolves rapidly in the streamwise direction, particularly close to the source, Taylor's hypothesis of frozen turbulence cannot be applied to the scalar field precisely. However in this study, we aim to compare the inclination angle of scalar coherence with the inclination angle of streamwise velocity fluctuations, where the Taylor's hypothesis is extensively used to convert temporal domain to a spatial one. Thus to make an equivalent comparison the relation, ∆x = −U c ∆t is also used for the scalar field.
larger than that for an elevated plume. This is primarily due to the wall-effect; the wall has a blocking effect on the plume spread resulting in higher concentration near the surface that persists for large distances from the source leading to a gradual drop in the correlation value. On the other hand, the turbulence in the flow causes an elevated plume to sway above and below the centreline causing intermittency which in turn causes the correlation magnitude to drop quickly. Interestingly, the curves of R cc (s z , ∆x) are almost identical for all the elevated sources. This observation suggests that at elevated sources the local velocity is the convection velocity for scalar fluctuations.
In contrast, the behaviour of autocorrelation functions R cc (s z , z) in the wall-normal direction is not similar for different source heights, as evident in Fig. 3 (4) and (5), respectively. Symbols same as in Fig. 2 .
V. TWO-POINT CORRELATION AND INCLINATION ANGLE
Before discussing the two-point correlation map of concentration fluctuations, we will first analyse the time-series signals of concentration for a plume released at s z /δ = 0.004, i.e. the ground level source in our measurements. Figure 4 shows a sample of 1.5 second record of concentration measurements at the wall (z = 0) and at another location in the log-region of TBL (i.e., z/δ = 0.06). One can readily appreciate the qualitative similarity of these two signals, indicating that there is a strong correlation between their variation, however with a shift in time. The similarity is quantified using the correlation function which also provides an estimate of the time-shift or equivalently the spatial-shift (∆x = −U c ∆t). The correlation coefficient, R cc between two signals is defined as,
where overbar indicates time average. High levels of correlation are observed across the plume, however the peak correlation magnitude decreases with increasing distance from the wall. Further, it is seen that with increasing distance from the wall, the location of peak correlation occurs at a non-zero shift on the abscissa. Thus, one can define the inclination angle, θ =
, where z is the wall-normal position in the plume and ∆x * is the separation distance corresponding to the peak value in R cc . Similarly, the inclination angles inferred from correlation functions at different heights in the plume are calculated, and the average angle for the ground-level source is found to be 29
• , as indicated in Fig. 6 (e) for s z /δ = 0.004. The above procedure is repeated for the plume released at four other source locations that span the near wall, log-, and outer-regions of the TBL. Some inferences can be made by comparing the average structure of concentration fluctuations against that of velocity structures previously reported in [12, 19] . Firstly, these results show that the size of correlated regions scale with δ, suggesting that scalar structure is governed by length scales in the outer-region of a TBL. Recently, [22] fully turbulent region, i.e. s z /δ ≤ 0.33. This is an unexpected result, as this angle is considerably steeper than the corresponding inclination angle of ≈ 14
• noticed in the correlations of streamwise velocity structures [14] . However, the phenomenological model of [22] that outlines the preferential organisation of scalar motions with respect to large-scale low-and high-speed structures in the flow explains this observation. A schematic of the physical model is presented in Fig. 7 , where a meandering plume along with a cluster of low-and high-speed regions are indicated. In this schematic, low-speed or high-speed regions of velocity fluctuations are indicated at 14
• to the horizontal, as correlation between similarly signed (low-or high-speed) fluctuations will contribute to the 14
• angle observed in numerous past studies [1, 12, 14, 19] . Talluru et al. [22] have shown that above the plume centreline, low-speed regions in velocity are correlated with high-concentration scalar regions, resulting in uc < 0, whereas below the centre- angle that manifests as the inclination observed for R cc . Thus, the degree of meandering is not symmetric about the plume centreline and has a spatial preference.
In a recent numerical study of a turbulent channel flow, Srinivasan et al. [18] showed that the forward correlations of scalar structures are oriented at a angle of 76 given by [22] .
and the measurements are performed in the near-field region, where the plume is still meandering. On the other hand, Srinivasan et al. [18] studied a flow, where the scalar is released at infinite number of points in the wall-normal plane of the computational domain. This implies that there is no concentration gradient in the vertical direction in the numerical simulations performed by [18] , and hence their results are not directly comparable to the present study. We would like to emphasise that the observations made in this study are closely linked to the meandering nature of the plume. It is very likely that experimental measurements further downstream, i.e., in the far-field region, where the plume is thoroughly dispersed, the correlation map of concentration fluctuations will show an inclination angle near 14 • , consistent with the velocity structures and the study of Srinivasan et al. [18] . It would be insightful to further investigate the inclination angle of scalar structures (released via a point source) at large source distances in the future studies. to the plume axis. These results are found to be entirely consistent with the physical model put forth by [22] for the large-scale organisation of scalar concentration relative to the large-scale velocity structures in a TBL, i.e., the preference of scalar to correlate with low-or high-speed regions in a turbulent boundary layer results in the coherent organisation of the scalar structures.
